Because a pool scrubbing is important for reducing radioactive aerosols to the environment for a nuclear reactor in a severe accident situation, many researches have been performed. However, decontamination factor (DF) dependence on aerosol concentration was seldom considered in an aerosol number concentration with limited aerosol coagulation. To investigate an existence of DF dependence on the concentration, DF in a pool scrubbing with 2.4 m water submergence was derived from aerosol measurements by light scattering aerosol spectrometers. It was observed that DF increased monotonically with decreasing particle number concentration in a constant thermohydraulic condition: a gradual increase from 10 to 32 in the range of 1.3×10
Introduction
During a severe accident of a nuclear reactor, fission products (FPs) may be released from degraded nuclear fuels. In addition to several preinstalled filters, pool scrubbing is a phenomenon to reduce FP release to the environment by retaining FPs into the liquid phase during gas flows with FPs passing through a pool of water. FPs can be in forms of gas and aerosol during their transportation. In this paper, we only focus on aerosol. Pool scrubbing is one of the most effective phenomena to filter out the aerosols with a relatively high aerosol removal efficiency, in other words a high decontamination factor (DF). It can occur in some components in nuclear power plants, such as a suppression pool in a boiling water reactor (BWR) when the aerosol laden gas is released there and a steam generator in a pressurized water reactor (PWR) when steam generator tube rupture (SGTR) occurs. In addition, regulatory requirement for filtered containment venting systems (FCVS) by the nuclear regulation authority in Japan revised after the Fukushima-Daiichi accident increased the importance of pool scrubbing, which has common characteristics with phenomenon in FCVS. Because of the above-mentioned importance in a severe accident situation, many researches have been performed up to date.
Several pool scrubbing analysis codes such as SPARC [1] , BUSCA [2] , and SUPRA [3] have utilized fundamentally similar pool scrubbing models. In the models, a gas-liquid two-phase flow is divided into several zones depending on different hydrodynamic behaviors. A total DF is derived by multiplying DFs in each zone such as a gas injection zone and a bubble rise zone. In the bubble rise zone, a swam of bubbles is represented by a typical bubble whose characteristic parameters such as size, shape, and velocity are calculated from existing gas-liquid two-phase flow models. In this typical bubble, several aerosol removal models are considered. Kaneko et al. [4] proposed an empirical pool scrubbing model based on their experimental database. In On the other hand, many pool scrubbing experiments have been performed in 1980-1990s [5] . From their work, a general understanding of the pool scrubbing phenomenon can be achieved. To promote a better understanding of some specified phenomena and/or to obtain more accurate and qualified data by more sophisticated measuring techniques for improving the existing pool scrubbing models, several experiments were conducted as follows. Herranz et al. [6] performed a pool scrubbing experiment with a horizontal gas injection. DF in gas jet injection conditions was measured. Dehbi et al. [7] did an experiment in a low-subcooling pool under realistic accident conditions. It was pointed out that there was a large discrepancy of DF between the experiment and the analysis by BUSCA code. Recently, Uchida et al. [8] conducted a pool scrubbing experiment to understand a pool temperature effect on DF. In addition, Kanai et al. [9] constructed a database of DF in the bubble rise zone by an aerosol measurement instrument with a high particle size resolution.
In the existing pool scrubbing experiments, an experimental parameter of aerosol number concentration was seldom considered. It was probably because DF was assumed to be independent of aerosol number concentration, at least, in the concentration where an aerosol coagulation is limited. The existing pool scrubbing models also follow this assumption. To the best of our knowledge, there was only one experimental result showing DF dependence on aerosol concentration by Hashimoto et al. [10] . In their experiment, dioctyl phthalate (DOP) liquid aerosol was generated in the wide size range from 0.3 to 2 m. DFs in different inlet aerosol concentrations among 10 −3 -1 ppm were measured in constant thermohydraulic boundary conditions. Unfortunately, there was not any explanation; even no validation test was conducted to confirm this uncommon result.
Aerosol number concentration in a severe accident of a nuclear reactor is in the wide range depending on an accident scenario, elapsed time after the accident onset, location, particle characteristics, and so on. An aerosol mass concentration is usually considered to be less than 1×10 −3 kg/m 3 in reactor accident analyses [11] . According to a FP test (FPT0) of PHEBUS which is aimed to investigate source term related phenomena in a representative condition of a severe accident, the aerosol mass concentration was lower than about 6×10 −4 kg/m 3 in the containment with injecting aerosol generated from a degraded fuel [12] . Aerodynamic mean mass diameter of the aerosol was 1.3 -3.5 m measured by an impactor. The aerosol number concentration in this test can be roughly estimated to be about 5×10
10 -9×10 11 /m 3 by assuming a monodisperse spherical particle with a density of 1×10 3 kg/m 3 .
In this paper, a pool scrubbing experiment to investigate an existence of DF dependence on aerosol particle number concentration is presented. The result showed that DF increased monotonically as decreasing particle number concentration in a constant thermohydraulic condition: a gradual increase from 10 to 32 in the range of 1.3×10
-8.0×10
11 /m 3 at the inlet and a significant increase from 32 to 77 in the range of 3.6×10 10 -1.3×10 11 /m 3 . These aerosol number concentrations would not be a rare case in a severe accident condition based on the above-mentioned estimation. However, the DF dependence has been seldom accounted for in the existing pool scrubbing models and experiments for the nuclear reactor severe accident analysis. In order to confirm that the DF dependence is a real pool scrubbing phenomenon, several validation experiments were conducted. In addition, characteristics of the DF dependence were investigated experimentally and mechanisms for the DF dependence were discussed.
Experimental System

Experimental Apparatus.
A schematic diagram of a pool scrubbing test apparatus named PONTUS (pool scrubbing test unit on separate effect) is presented in Figure 1 . The test section was constructed by connecting polycarbonate pipes with each other. An inner diameter of the pipes is 0.2 m and lengths range from 0.3 to 1 m. The maximum length of the test section was about 4.5 m. An aerosol laden air flow was injected upwardly into the test section from its bottom through a straight bore nozzle with an inner diameter of 10×10 −3 m. In the pool scrubbing experiment, the test section was filled with deionized water. After the air flow passing through the test section and an outlet aerosol sampling pipe, it was exhausted to the environment through a flexible duct with an inner diameter and a length of about 0.2 m and 10 m, respectively. There is not any filter installed at the exit of the duct in order to maintain the test section in the atmospheric pressure condition. Several Ktype thermocouples were installed to measure temperatures of air and water. A pressure transmitter (AP-52A, KEYENCE Corp., ±0.5% F.S. of 100 kPa) was applied to the same height of the air injection nozzle exit to measure the hydrostatic pressure there. The atmospheric pressure was measured by a barometer.
Aerosol was generated by an aerosol generation system (RBG, PALAS Corp.). In this system, solid particles in a container were supplied to a rotating brush by a moving piston and dispersed by a particle free air. Aerosol particle number concentration can be increased by increasing the moving piston velocity and by installing the container with a larger cross-section. Particle diameter distribution changed little by these operations in our experiments. The flow rate of this particle dispersing air was controlled by a mass flow controller (MQV0200, AZBIL Corp., ±1% F.S. of 3.3×10 −3 m 3 /s in 293 K and 101 kPa). In the downstream of the aerosol generation system, a neutralizer (EAN 581, TOPAS Corp.) was installed to electrically neutralize charged particles by providing another particle free air flow with high bipolar ion concentration to the aerosol laden flow. Undesired electrical effects on particles can be reduced as much as possible by this neutralizer with setting its maximum ionization current of ±50 A. The flow rate of this discharging air was controlled by a mass flow controller (HFC-303, KOFLOC Corp., ±1% F.S. of 5.0×10 rate after this neutralizer to a mixing chamber is a sum of the dispersing air flow from the aerosol generation system and the discharging air flow from the neutralizer.
Aerosol Measurement
System. In our experiment, aerosols at the inlet and outlet of the test section were sampled through 10×10 −3 m sampling pipes located at the center of aerosol transportation pipes with the same inner diameter of 48×10 −3 m as shown in Figure 1 . Aerosols to each aerosol measurement instrument were aspirated by vacuum pumps and their gas flow rates were controlled by mass flow controllers, respectively. Aerosol measurement can be conducted by light scattering aerosol spectrometers (WELAS, PALAS Corp.) and sampling glass fiber filters. Instrument installation depends on each experiment and will be described later in detail.
Particle number and number concentration distributions in the particle diameter ranging from 0.27 to 10 m were measured by WELAS. Here, the concentration is in the sampling gas pressure and temperature condition where the WELAS sensor locates. Before an experiment, WELAS was always calibrated by a type of standard particles with a particle diameter of about 1 m. The sampling flow rate of WELAS was controlled to 8.3×10
−5 m 3 /s in the condition of 293 K and 101 kPa by a mass flow controller (MQV0020, AZBIL Corp., ±0.5% F.S. of 3.33×10 −4 m 3 /s in 293 K and 101 kPa). There are three advantages of WELAS for our experiment. First, aerosol measurement can be performed by WELAS directly at the inlet without reducing the hydrostatic pressure by a valve or an orifice where undesired particle loss may occur. Second, since WELAS is an in-line measurement device, it allows us to adjust the aerosol generation system for setting aerosol particle number concentration easily and monitor the concentration change after the adjustment. Third, WELAS has a high resolution of particle diameter in the diameter range of our test particle. On the other hand, there are two disadvantages. First, particle diameter measured by WELAS is a light scattering based diameter but not an aerodynamic diameter which is often used for considering particle motion. In order to make relationship between these two diameters, white spherical particles were adopted. Second, a coincidence error due to multiparticles in its sensing volume simultaneously will be increased significantly as increasing particle number concentration beyond a certain number concentration. To perform a reliable measurement, measurement accuracy of WELAS was considered in advance based on an experimental comparison between WELAS and a condensation particle counter (CPC 3776, TSI Corp.) for our test particle [13] . It was confirmed that difference of aerosol number concentration measured by WELAS and CPC was ±10% in the range from 4.0×10 9 to 1.2×10 11 /m 3 . Therefore, almost all the WELAS measurements were conducted in the concentration less than 1.2×10 11 /m 3 to avoid the coincidence error. To reduce aerosol number concentration, a dilution system (VKL 10E, PALAS Corp.) was always installed in the upstream of WELAS at the inlet of the test section only in a pool scrubbing experiment. No dilution system was done for WELAS at the outlet. All the gas flow rates of this dilution system were controlled to 7.5×10 −4 m 3 /s in the condition of 293 K and 101 kPa by mass flow controllers (MQV0050, AZBIL Corp., ±1.5% F.S. of 8.3×10
−4 m 3 /s in 293 K and 101 kPa), respectively.
On the other hand, aerosol can be sampled by a sampling glass fiber filter for aerosol measurement. The sampling flow rate of the sampling filter was controlled to 3.3×10 −4 m 3 /s in the condition of 293 K and 101 kPa by a mass flow controller (MQV0050, AZBIL Corp., ±0.5% F.S. of 8.3×10
−4 m 3 /s in 293 K and 101 kPa). The filter before and after sampling aerosols was weighed by a microbalance (XPR2UV, Mettler Toledo Corp., Error < 1% for weight > 2.1×10 −8 kg) to evaluate a total weight of sampled particle. In advance to measure the weight, the filter was heated by an oven to reduce an undesired effect of humidity. In general, a sampling filter measurement is more reliable due to its simple principle. In addition, since it is also not necessary to install a valve or an orifice and a dilution system in its upstream, errors from these devices can be avoided. However, particle diameter and particle number concentration are not available by the sampling filter. In this study, the sampling filter was used to confirm DF derived from WELAS measurements.
In all the experiments, a type of white insoluble and hydrophilic SiO 2 particles with a spherical shape was adopted as test particles. The density of SiO 2 is 2.2×10 3 kg/m 3 . An example of measured particle diameter distributions by WELAS for the aerosol from this test particle was presented in Figure 2 . Here, N and d p are total particle number and particle diameter, respectively. The mode diameter and the geometric standard deviation were 0.5 m and 1.2 -1.3, respectively. Based on the geometric standard deviation, the aerosol can be regarded as monodisperse.
DF Evaluation
In this study, DF was derived from measurement results by two different WELAS sensors or two different sampling filters. DF from WELAS measurement was evaluated as
(
Here, , and , are aerosol particle numbers of the aerosols in and out the test section, respectively, in the same particle diameter range and the same measurement time.
Since Stokes numbers at the inlets of both sampling pipes were less than 3×10 −4 in all the experiments, a sampling Science and Technology of Nuclear Installations 5 error due to a superisokinetic sampling can be ignored [14] . Consequently, , and , can be given as
Here, , and , are particle numbers of the aerosols sampled at the inlet and outlet, respectively. , and , are mass flow rates of the air flow in and out the test section, respectively. , and , are mass flow rates of the sampling air at the inlet and outlet, respectively. Since
, and , were controlled to be the same mass flow rate (equivalent to 8.3×10
−5 m 3 /s in 293 K and 101 kPa) and , = , , DF can be derived from measurement results of WELAS as
Here, , and
, are particle numbers of the aerosols measured by two different WELAS sensors at the inlet and outlet of the test section, respectively, in the same particle diameter range and the same measurement time.
is a dilution rate of the dilution system. In all the pool scrubbing experiments, the dilution system was always installed for WELAS measurement at the inlet only but not at the outlet. In the experiments with an empty test section, no dilution system was applied. The dilution rate was experimentally calibrated to be 8.7 for our test particles in advance. For the calibration procedure, refer to [15] . It is worth noting that relative values of DF in the same pool scrubbing experiments will not be affected by the error of this dilution rate since the same dilution system was always installed at the inlet and this constant dilution rate was always substituted to (4) .
On the other hand, DF from two different sampling filters was evaluated as
Here,
, and , are total particle weights of the aerosols in and out the test section in the same measurement time, respectively. In the sampling filter measurement, , and , were controlled to be the same mass flow rate (equivalent to 3.3×10 −4 m 3 /s in 293 K and 101 kPa). Similar to DF from WELAS measurements described above, DF from the sampling filter measurements can be calculated as
, and , are total particle weights of the aerosols sampled by the filters at the inlet and outlet, respectively. No dilution system was applied for the sampling filter.
Particle loss between the water surface and the top of the test section may also affect a value of DF, although this effect is limited [15] . To avoid this undesired effect, a distance between those was set to be shorter than 0.55 m by arranging the polycarbonate pipes for each water submergence.
Experiment of DF Dependence on Aerosol Concentration
A pool scrubbing experiment (PW1) was performed to investigate DF in a constant thermohydraulic condition with different aerosol particle number concentrations. Experimental conditions and aerosol related descriptions of all the experiments in this paper including this experiment (PW1) are summarized in Table 1 . Two different WELAS sensors were installed at the inlet and outlet of the test section, respectively. The dilution system was applied for WELAS sensor at the inlet of the test section but none was at the outlet. At the outlet, water droplets may be generated. In order to avoid miscounting of the droplets by WELAS at the outlet, WELAS sensor there was heated up to 393 K. Accordingly, WELAS sensor at the inlet was also heated to the same temperature for having the same measurement condition. In this temperature, only the droplets can be evaporated but not the test particle. The water submergence was 2.4 m. The volumetric air flow rate at the exit of the injection nozzle was set to be 1.3×10 −3 m 3 /s in the air temperature and pressure conditions there. Detailed flow rates of the dispersing air and the discharging air in the condition of 293 K and 101 kPa are also presented in Table 1 . Temperatures of air and water were 282±3 K.
Detailed information of aerosol measurement in this experiment is presented in Table 2 . In the constant thermohydraulic condition, the experiment started from the lowest particle number concentration and the concentration was increased by adjusting the aerosol generation system: increasing the piston moving velocity and setting the container of particles with a larger cross-section. After each adjustment for setting a new particle number concentration condition, a waiting time was provided for allowing aerosol to be transported to the outlet of the test section before aerosol measurements for DF. During each waiting time, particle number concentration changes at the inlet and outlet were monitored by two different WELAS sensors. The recorded monitoring time was longer in lower concentration condition and in the range of 300 -600 s. Although each waiting time was not recorded specifically, it must be longer than the monitoring time. After reaching a steady-state condition, aerosol particle number distributions in particle diameter at the inlet and outlet were measured by two different WELAS sensors simultaneously for obtaining DF. In each particle number concentration condition, WELAS measurements in a measurement time were repeated usually more than 3 times. A value of DF was obtained in each measurement based on (4) with the dilution rate of 8.7. In order to measure enough particles statistically, the measurement time was longer in lower particle number concentration and in the range of 300 -600 s. More than 3×10 3 particles were measured in each measurement.
Particle diameter distributions measured by WELAS at the inlet and outlet in the lowest and highest particle number concentration conditions and in between were presented in Figure 2 . The concentration conditions (A -C) are indicated in Figure 3 . Their distributions were almost the same with In the condition of 293 K and 101 kPa.
( ) A sum of dispersion and discharging flow rates minus inlet sampling flow rate.
( )
In the condition of actual gas temperature and pressure at injection nozzle exit.
( ) Measured by WELAS. mode diameters of 0.5 m and geometric standard deviations of 1.2 -1.3 because the aerosol was monodisperse. DFs and total particle number concentrations at the inlet and outlet obtained in each particle number concentration condition, in other words each setting of the aerosol generation system, were averaged by number of measurement ( ) based on (7)- (9), respectively, since they were in the same steady-state condition.
Here, , , , and , are DF, the inlet, and outlet total particle number concentrations obtained in -th aerosol measurement in each condition. , , and are the averaged DF, the averaged inlet, and outlet total particle number concentrations, respectively. The averaged DFs against the averaged total particle number concentrations at the inlet and the outlet were plotted in Figures 3(a) and 3(b) , respectively. Here, the presented concentration at the inlet was the concentration before dilution by multiplying the dilution rate of 8.7 to the measured concentration. In addition, it was converted to the concentration in the atmospheric pressure condition by taking the measured hydrostatic pressure into consideration. In Figure 3 , two different types of DF were plotted in each concentration condition. They were calculated based on the particle number ratio in a narrow and a wide particle diameter ranges, respectively, from the same aerosol measurement raw date. These two particle diameter ranges were shown in Figure 2 . One was in the range of 0.37 -0.65 m (8 particle diameter channels for WELAS) and the other was in the range of 0.49 -0.52 m (single particle diameter channel for WELAS). They were partially interrupted. As presented in Figure 3 , both averaged DFs were almost the same because the aerosol was monodisperse. Since a value of DF based on a single particle diameter channel may be sensitive to the particle size calibration of WELAS, all the DFs by WELAS measurement will be evaluated based on the particle numbers in the above-mentioned wide range (0.37-0.65 m) in this paper. As shown in Figure 3 , DF increased monotonically with decreasing aerosol particle number concentration: a gradual increase from 10 to 32 in the range of 1.3×10
11 -8.0×10 11 /m 3 at the inlet and a significant increase from 32 to 77 in the range of 3.6×10 10 -1.3×10 11 /m 3 . The tendency of the DF dependence was similar to that measured by Hashimoto et al. [10] .
In general, DF in the pool scrubbing depends on the hydrodynamics in the pool. Although we mainly focused on aerosol measurements for DF but not the hydrodynamics and detailed gas-liquid two-phase flow measurement was not performed in this study, some approximate explanations about the hydrodynamics in this experiment are made below based on the flow observation and the measured two-phase hydrostatic pressure . It was observed that initial large bubbles were generated intermittently at the exit of the injection nozzle. A swarm of bubbles covering the whole cross-section of the test section was formed in the downstream of the initial bubble. In the swarm, relatively large bubbles with higher rising velocities were observed intermittently. A gas superficial velocity close to the water surface was 0.052 m/s. A flow regime map for a bubble column depending on the column diameter and has been proposed [16] . It was also pointed out that a flow transition from the bubbly flow to the churn-turbulent flow will occur in a lower gas superficial velocity by orifices with diameters larger than 1 mm compared to a porous sparger with much smaller pores. Taking the flow observation and the flow regime map into consideration, the two-phase flow in the swarm region will be the churn-turbulent flow or a flow during transition but not the bubbly flow. The measured two-phase hydrostatic pressure was 21 kPa in this experiment. The hydrostatic pressure (= ) in a 2.4 m water submergence with liquid single-phase is 23.5 kPa in the water temperature of 282 K. Here, , , and are water density, acceleration of gravity (9.8 m/s 2 ), and a pool height, respectively. According to these hydrostatic pressures, the volumetric void fraction V (=( − )/ ) in the two-phase flow is calculated to be 0.11. Assuming that ≒ V , the cross-sectional averaged bubble rising velocity U in the downstream especially close to the water surface can be roughly estimated to be 0.5 m/s by taking U = / into consideration. Here, is a crosssectional averaged void fraction there. It is worth noting that the local bubble rising velocity in the center of the test section is expected to be higher than U due to a high bubble concentration there. On the other hand, that near the test section wall will be lower than U or even be minus due to a water circulation. A correlation of the bubble Sauter mean diameter in bubble columns has been proposed [17] as
Here, and ] are surface tension and water kinematic viscosity, respectively. It was indicated that this correlation was applicable for a bubble column with a diameter up to 0.6 m, a gas superficial velocity up to 0.42 m/s, and a void fraction up to 0.3. Based on this correlation, the bubble Sauter mean diameter in this experiment is estimated to be 6×10 −3 m. In order to make sure that this DF dependence was not due to our experimental system error including measuring instrument and was a real pool scrubbing phenomenon, two validation experiments were performed.
Validation Experiments
DF Derived from Sampling Filter.
In order to make sure that the DF dependence was not due to a measurement error of WELAS, two experiments (PF1 and PF2 in Table 1) were performed in other days to derive DF based on aerosol measurements by two sampling filters installed at the inlet and outlet. Here, PF2 was a repeating experiment for PF1 performed in the other day. The experimental conditions were summarized in Table 1 . In these experiments, two sampling filters were installed at the inlet and outlet of the test section, respectively, without any dilution system. In addition, a WELAS sensor heated to 393 K was set at the outlet only without any dilution system.
The water submergence and the volumetric air flow rate at the exit of the injection nozzle were the same as those in the previous experiment (PW1), respectively. The temperatures of air and water were also almost the same as those in the previous experiment (PW1). DF in these experiments was derived from a measurement by the filters but not by WELAS. The purpose of measurement by WELAS at the outlet was to obtain particle number concentration distribution which is not available by the filter and to compare DF from the filters in these experiments with that from WELAS in the previous one.
Detailed information of aerosol measurement in these experiments is presented in Table 3 . The experimental procedure was similar to the experiment PW1 except for the order of setting aerosol particle number concentration. In the above-mentioned constant thermohydraulic condition, the number concentration was changed (not increased monotonically from the lowest concentration) by adjusting the aerosol generation system in the same way. This was to make sure that the DF dependence did not result from an order of setting the number concentration. After each adjustment, a waiting time more than 300 s was provided. In each number concentration condition, aerosol measurements by a WELAS sensor at the outlet and two sampling filters were performed once and simultaneously with the same measurement time. Since the aerosol concentration at the inlet was always higher than that at the outlet, the sampled total particle weight at the inlet was always heavier than that at the outlet. The measurement time in each measurement was designed to sample particles by the filter at the outlet with the total weight close to 2×10 −6 kg taking measurement error of the microbalance into consideration. Here, the total particle weight sampled by the filter was estimated by the particle number concentration monitored by the WELAS sensor at the outlet during the measurement and by assuming a spherical particle with a particle diameter and a density of 0.5 m and 2.2×10 3 kg/m 3 , respectively. As a result, the measurement time in all the measurements was in the range of 300-11100 s and the total particle weight at the outlet was in the range of 1.6×10 −6 -2.2×10 −6 kg. A value of DF was calculated from a ratio of total particle weight of the sampling filters at the inlet and outlet based on (6) .
In these experiments, the mode diameter measured by WELAS at the outlet was 0.5 m in all the total particle number concentrations. DFs derived from the sampling filters were plotted in Figure 4 against total particle number concentrations at the outlet. Since the aerosol measurement by WELAS was only conducted at the outlet but not at the inlet, DF against total particle number concentration at the inlet was not available in these experiments. For comparison, DF derived from WELAS in Figure 3 (b) was also presented in Figure 4 . In the outlet particle number concentration higher than 3.6×10 9 /m 3 , DF by the sampling filters showed the same tendency as that by WELAS and they agreed well, especially in low aerosol concentrations, which strongly supported that the DF dependence in this concentration range was not due to an aerosol measurement error. It is worth noting that the DF dependence was not because of an error of the dilution system, since it was not applied in these experiments. Unfortunately, none of DF from the sampling filters was available in the concentration less than 1.1×10 9 /m 3 where DF from WELAS was higher than 57. This is because a measurement time is estimated to be too long (about 36000 s) to perform a measurement in this concentration with a sampled total particle weight of 2×10 −6 kg at the outlet.
"DF" in Empty Test
Section. To ensure that the DF dependence mentioned above was a real phenomenon of the pool scrubbing, an experiment (EW1 in Table 1 ) was performed to measure particle number ratio between the inlet and outlet of the test section without water, named here as DF in convenience. The experimental conditions are summarized in Table 1 . Two different WELAS sensors were installed at the inlet and outlet of the test section, respectively. No dilution system was applied in this experiment. DF was derived from the measurement results of WELAS sensors. The volumetric air flow rate at the exit of the injection nozzle was the same as the previous pool scrubbing experiments. Detailed information of aerosol measurement in this experiment is presented in Table 4 . The experimental procedure was similar to the experiment PW1. The experiment started from the lowest particle number concentration and the concentration was increased by adjusting the aerosol generation system. After setting a new particle number concentration condition, a waiting time was provided. During each waiting time, particle number concentration changes at the inlet and outlet were monitored by the WELAS sensors. The monitoring time in all the number concentration conditions was in the range of 300 -900 s. After reaching a steady-state condition, aerosol particle number distributions in particle diameter at the inlet and outlet were measured by the WELAS sensors simultaneously for obtaining DF. In each particle number concentration condition, WELAS measurements in a measurement time were repeated usually more than 3 times. A value of DF was obtained in each measurement based on (4) without substituting the dilution rate. In order to measure enough particles statistically, the measurement time was longer in lower particle number concentration and in the range of 100 -600 s. More than 7×10 4 particles were measured in each measurement.
In this experiment, mode diameters measured by WELAS at the inlet and outlet were 0.5 m in all the total particle number concentrations. All the DFs were plotted against total particle number concentrations at the outlet as shown in Figure 5 . It was obvious that DF was independent of the aerosol number concentration in the empty test section.
Therefore, it was indicated that the DF dependence was a real phenomenon of the pool scrubbing. In addition, all the DFs were almost one, which confirmed that the particle loss of our experimental system was limited and ensured its ability to obtain an accurate DF in the pool scrubbing experiment.
Experimental Investigation on Characteristics of DF Dependence
To investigate characteristics of the DF dependence, pool scrubbing experiments (PW2, PW3, and PW4) were performed in other three different water submergences (0.3, 0.8, and 1.6 m) in addition to the experiment PW1 in the submergence of 2.4 m. The experimental conditions are summarized in Table 1 . In all the experiments, aerosol measurement installation was the same as the experiment PW1: two different WELAS sensors at the inlet and outlet and the dilution system at the inlet only. Both WELAS sensors were heated to 393 K. The volumetric air flow rate at the exit of the injection nozzle was the same as the previous experiments. Temperatures of air and water were also close to those in the experiment PW1. Detailed information of aerosol measurement in this experiment is presented in Table 5 . The experimental procedure of these experiments was totally the same as the experiment PW1. In each experiment, particle number concentration was increased monotonically by adjusting the aerosol generation system. In each condition of particle number concentration, a waiting time was provided with monitoring particle number concentration changes at the inlet and outlet. Afterwards, aerosols at the inlet and outlet were measured simultaneously by two different WELAS sensors for several times for obtaining DF based on (4) with the dilution rate of 8.7. More detailed description of the procedure can be found in Section 4.
In these experiments, mode diameters measured by WELAS at the inlet and outlet were 0.5 m. The DFs and the total particle number concentrations at the inlet and outlet obtained in each particle number concentration condition were averaged based on (7)- (9), respectively. All the averaged DFs in all the water submergences were plotted against the averaged total particle number concentrations at the inlet and the outlet as shown in Figures 6(a) and 6(b) , respectively. In all the submergences, the DF dependence on the aerosol particle number concentration was observed in the same tendency. DF increased with decreasing the concentration and tended to approach a constant value with increasing the concentration. In low water submergences of 0.3 m and 0.8 m, the DF dependences were not clear and all the DFs were within measurement errors. With increasing water submergence, the DF dependence became more significant. In 1.6 m water submergence, an obvious DF dependence appeared in particle number concentrations lower than 1.2×10 11 /m 3 at the inlet taking the error of DF into consideration. Roughly speaking, the DF dependences in both 1.6 m and 2.4 m water submergences became significant below this concentration, although a moderate DF dependence still existed in 2.4 m water submergence beyond this concentration. According to these results, it was suggested to pay more attention to the condition with high water submergence and low particle number concentration: for example, higher than 1.6 m and lower than around 1×10 11 /m 3 . However, it is necessary to note that the particle number concentration with a significant DF dependence will rely on thermohydraulic conditions, particle characteristics, and so on.
In addition, the lowest inlet particle number concentration to approach a constant DF was indicated by a vertical line for each submergence in Figure 6(a) . With increasing the submergence, this concentration increased monotonically. In 2.4 m water submergence, it seems that the highest concentration was even not enough to reach a constant value of DF. In other words, the lowest concentration at the inlet for a constant DF in a lower submergence was not enough to approach a constant DF in a higher submergence. This will also be an evidence to support that the DF dependence occurs in the water pool and is a real phenomenon of the pool scrubbing. For example, a total inlet particle number concentration of 1.6×10
11 /m 3 was enough for a constant value of DF in the submergence of 1.6 m but not enough in the submergence of 2.4 m. Assuming that the gas-liquid two-phase flow behaviors, equivalent to aerosol reduction efficiencies, from the injection nozzle exit to 1.6 m downstream are almost the same in the 1.6 m and 2.4 m submergence experiments with the same volumetric air injection flow rate, the DF dependence will result between 1.6 m and 2.4 m downstream from the nozzle exit.
Discussion about DF Dependence
To begin with, several critical assessments of the aerosol measurement and the experimental procedure for the DF dependence are discussed as follows:
(1) An experimental procedure and the time for setting up conditions may cause an error of DF. For example, when we set up conditions with increasing particle number concentration stepwise, DF may be overestimated if an aerosol measurement for DF begins immediately after changing the condition without allowing the particles to reach the outlet. In our experiments, a waiting time was always provided after changing an aerosol particle number concentration condition and the number concentration change was monitored by WELAS during the time for achieving a steadystate condition. In the empty test section, the gas velocity was 0.04 m/s in the air flow rate of 1.3×10 −3 m 3 /s. Time for particles with the flow passing through the empty test section with a length of 2.4 m can be estimated to be around 60 s. In the pool scrubbing experiment with 2.4 m water submergence, the time can be shorter than 6 s taking the cross-sectional averaged bubble rising velocity of 0.5 m/s described in Section 4 into consideration. Therefore, the waiting time longer than 300 s in our experiments will be enough for particles reaching the outlet. In addition, the condition in the sampling filter experiment, for example PF1, was not set to increase particle number concentration monotonically. The aerosol measurement for DF (=37) in the lowest concentration case was performed after the highest concentration case with a smaller value of DF. Therefore, the DF dependence will not be a result of this experimental procedure.
(2) In our experiment apparatus, there is not any filter installed between the outlet of the test section and the environment. Therefore, air velocity fluctuation and turbulent eddy may be generated at the outlet aerosol sampling location by the environment. They can affect an aerosol sampling there in general and lead to an error of DF. However, this effect was not evident or at least will not be a reason to cause the DF dependence in the pool scrubbing experiment taking the DF results in the empty test section into consideration. A constant value of DFs in the empty test section was confirmed until 4.6×10 9 /m 3 .
(3) If WELAS has nonlinear characteristics against particle number concentration, the DF dependence on the concentration can be observed. In principle, a particle number counting error of WELAS can occur in a high particle number concentration due to multiparticles entering its sensing volume simultaneously but not in a low particle number concentration. The measurement error of particle number concentration by WELAS was confirmed by CPC in the concentration range of 4×10 9 -1.2×10 11 /m 3 [13] and the error was included in the error of DF. Therefore, the DF dependence was not attributed to WELAS characteristics in the conditions of the concentration higher than 4×10 9 /m 3 which corresponded to those with DF lower than 32 in 2.4 m water submergence and with DF lower than 9 in 1.6 m. Although there are not any WELAS characteristics in a low particle number concentration in principle, more significant DF dependence in lower concentration was not validated from this viewpoint. Next, several mechanisms to explain a DF dependence on the aerosol concentration are discussed as follows:
(1) Particle agglomeration in high particle number concentration will result in a DF dependence on the concentration. However, DF in a higher concentration should have a higher value due to more particle removal of large agglomerates. This DF tendency is different from our result. Therefore, the DF dependence we obtained is not due to this mechanism.
(2) Particle inertia may affect a gas flow if particle concentration is high enough, which may result in DF value change. The initial momentums of gas and all the test particles (0.5 m spherical particles), in other words the initial masses of gas and the test particles by assuming the same initial velocity, are considered. The momentum of all the particles in the highest inlet particle number concentration of 8×10 11 /m 3 is calculated to be around 0.01% of that of the gas. Therefore, effect of the particle inertia on the gas flow will be limited and this mechanism will not lead to the DF dependence we obtained.
(3) More particles may be removed due to particle size growth by a water condensation on a particle surface during bubble rising, which increases DF value. After a gas injection to the pool water, initial bubbles will become saturated to the water temperature immediately. During the bubble rising, gas temperature of bubbles will be decreasing due to a bubble expansion by a hydrostatic pressure reduction. For example, if an adiabatic expansion of an air bubble with the initial gas temperature of 280 K is assumed in a water submergence of 0.8 m, the gas temperature of the bubble reaching water surface is estimated to be about 274 K. In fact, the gas temperature decrease will be more moderate than this estimation, since the heat transfer from the water to the bubble occurs. The particle temperature can be regarded as the gas temperature lower than the water temperature because of small heat capacity of the particles with small mass. Accordingly, water condensation on the particles will occur in this supersaturated atmosphere during the bubble rising. Vapor amount in a bubble depends on thermal hydraulic condition. However, it does not depend on particle concentration. Therefore, particle growth is expected to be more remarkable in lower particle concentration for sharing the same vapor amount, which results in more particle removal in lower particle concentration. Based on this mechanism, DF will increase in lower particle concentration and the tendency of DF dependence we obtained can be explained. In order to confirm that our result is mainly caused by this mechanism, an experiment in higher water temperature and one with soluble test particles are helpful and will be our future work. In a higher water temperature, higher supersaturation and more extra vapor amount in a rising bubble are expected with the same gas temperature decrease. Therefore, the particle growth will be more remarkable in such atmosphere. On the other hand, the material of soluble particles will be dissolved in a saturated atmosphere and a solution will be formed on the particle surface. The equilibrium vapor pressure above the solution is lower than that above a pure water, which allows a stable water condensation on a soluble particle surface even in a saturated or unsaturated atmosphere. Therefore, the particle growth of soluble particles will be more remarkable than the insoluble SiO 2 particles. More significant DF dependence is expected to be observed in both experiments due to this mechanism.
(4) Contamination on bubble surface will affect the bubble motion and the internal gas circulation flow in a bubble, which will change DF value. In the pool scrubbing process, before hydrophilic SiO 2 particles transport from gas in a bubble to the water completely, they must adhere on the bubble surface once. Accordingly, the bubble surface will be contaminated to some extent by the particles. Compared to a bubble with clean surface, slip between gas and liquid on a contaminated bubble surface can be reduced [18, 19] . Accordingly, highly contaminated bubble in higher aerosol concentration will have lower internal gas circulation velocity due to weaker slip, which reduces particle removal by centrifugal deposition in the bubble and decreases DF value. Based on this mechanism, DF will decrease with increasing aerosol concentration and the tendency of DF dependence we obtained can be explained. In order to investigate this mechanism, an experiment by using hydrophobic test particles is helpful and will be our future work. Particle detachment from a bubble surface to the water for hydrophobic particles will be limited compared with hydrophilic particles. Consequently, the bubble surface will be more contaminated and more significant DF dependence is expected to be observed with hydrophobic particles.
Conclusion
Because a pool scrubbing is very important to reduce radioactive aerosols to the environment for a nuclear reactor in a severe accident situation, many researches have been performed. In these researches, DF dependence on the aerosol concentration was seldom considered in an aerosol concentration with limited aerosol coagulation.
In this paper, DF dependence on aerosol particle number concentration in the pool scrubbing with 2.4 m water submergence was measured. It was observed that DF increased monotonically with decreasing the concentration in the constant thermohydraulic condition: a gradual increase from 10 to 32 in the range of 1.3×10
11 -8.0×10 11 /m 3 at the inlet and a significant increase from 32 to 77 in the range of 3.6×10
10 -1.3×10 11 /m 3 . By two validation experiments, we confirmed that the moderate DF dependence, DF from 10 to 32, was not due to measurement errors and might be a real pool scrubbing phenomenon. Subsequently, characteristics of the DF dependence were investigated experimentally by measuring the DF dependence in other three different water submergences. The experimental results indicated that the DF dependence resulted from a certain distance in the downstream of the gas injection nozzle to the water surface. In addition, it was found that the DF dependence was more significant in higher water submergence. Roughly speaking, a significant DF dependence was observed in the condition of water submergence higher than 1.6 m and inlet particle number concentration less than around 1×10 11 /m 3 in our experiments. It is recommended to perform further analysis for the DF dependence mainly in such condition, since the observed DF dependence is usually not accounted for and could make a difference to both experiment and model of the pool scrubbing. Several possible mechanisms to explain the DF dependence were discussed, including phenomena of condensation on particle surface and contamination on bubble surface. They will be investigated by our future experiments described in Section 7 for each phenomenon to ensure main reasons for the DF dependence.
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